The crystal structure of the recombinant hepatitis C virus (HCV) RNA-dependent RNA polymerase (RdRp) revealed extensive interactions between the fingers and the thumb subdomains, resulting in a closed conformation with an established template channel that should specifically accept single-stranded templates. We made circularized RNA templates and found that they were efficiently used by the HCV RdRp to synthesize product RNAs that are significantly longer than the template, suggesting that RdRp could exist in an open conformation prior to template binding. RNA synthesis using circular RNA templates had properties similar to those previously documented for linear RNA, including a need for higher GTP concentration for initiation, usage of GTP analogs, sensitivity to salt, and involvement of active-site residues for product formation. Some products were resistant to challenge with the template competitor heparin, indicating that the elongation complexes remain bound to template and are competent for RNA synthesis. Other products were not elongated in the presence of heparin, indicating that the elongation complex was terminated. Lastly, recombinant RdRps from two other flaviviruses and from the Pseudomonas phage f6 also could use circular RNA templates for RNA-dependent RNA synthesis, although the f6 RdRp could only use circular RNAs made from the 3¢-terminal sequence of the f6 genome.
INTRODUCTION
Template-dependent RNA polymerases tend to share a general structure that is analogous to a right hand, in which the palm subdomain contains the catalytic residues while the thumb and the fingers subdomains are involved in interaction with the template (Joyce and Steitz 1995; Hansen et al. 1997) . DNA-dependent RNA polymerases (DdRp) have been extensively characterized for the mechanism of RNA synthesis, which can be divided into several biochemically distinct steps: binding of the DdRp to the promoter, formation of a transcriptionally active open complex, synthesis of the first phosphodiester bond, abortive RNA synthesis, promoter clearance, processive elongation, and, finally, termination (McClure 1985) . A key step in RNA synthesis for DdRps is template binding, in which the polymerase undergoes a large conformational change involving the thumb subdomain to allow stable binding to the template (von Hippel et al. 1984; Steitz 2004) . Binding of the substrate NTP causes the fingers subdomain of the polymerase to rotate from an open to a closed conformation (Steitz 1999) .
Viral RNA-dependent RNA polymerases are less wellcharacterized, but where characterizations exist they follow steps similar to those used by DNA-dependent RNA polymerases (Sun et al. 1996; Sun and Kao 1997a,b; Adkins et al. 1998) . Several RdRps could also recognize specific RNA promoters for accurate initiation of RNA synthesis (Siegel et al. 1997; Choi et al. 2004b; Li and Stollar 2004) . Several RdRps have now been crystallized, including those from HCV, poliovirus, bacteriophage f6, foot and mouth disease virus, human rhinovirus, bovine viral diarrhea virus (BVDV), and rabbit hemorrhagic disease virus (Hansen et al. 1997; Ago et al. 1999; Bressanelli et al. 1999; Lesberg et al. 1999; Butcher et al. 2001; Ng et al. 2002; Choi et al. 2004a; Ferrer-Orta et al. 2004; Love et al. 2004 ). The HCV RdRp active site has several novel features, such as a b-loop of 12 residues and the C-terminal tail of the RdRp that lines the active site. The b-loop and the C-terminal tail, along with a GTP bound at the NTPi site, will suppress RNA synthesis from a primed template (Ranjith-Kumar et al. 2003a) . Another notable feature of the HCV RdRp is that, unlike the relatively open conformation of DNA polymerase I (Ollis et al. 1985a; Li et al. 1998) , the T7 RNA polymerase (Ollis et al. 1985b) , and the retroviral reverse transcriptase (Sarafianos et al. 2002) , the extensive interactions between the fingers and the thumb subdomains allows the HCV RdRp to form a closed catalytic pocket in the absence of template and NTP. The closed catalytic pocket and the template channel should favor the use of templates with single-stranded 3¢-termini, a requirement observed in vitro (Kao et al. 2000; Vo et al. 2003) . The encircled active site is not unique to the HCV RdRp since the RdRp from the Pseudomonas phage f6 also contains an encircled active site with a well-defined template channel (Butcher et al. 2001) . Furthermore, several de novo initiating viral RdRps, such as those from phage Qb and several plant RNA viruses, require single-stranded 3¢-ends for de novo initiation and have mechanisms to protect the 3¢-termini (Rao et al. 1989; Rao and Hall 1993; Nagy et al. 1997; Chapman and Kao 1999; Dreher 1999; Schuppli et al. 2000; Pogany et al. 2003) .
The structure of the HCV RdRp raises the question of whether the RdRp can only accept linear templates that thread through the template channel and/or undergo conformational changes associated with the initiation of RNA synthesis. A prediction of a stably enclosed active site is that a circular RNA template would not be able to direct RNA-dependent RNA synthesis, since the thumb and the fingers domains would have to open to allow a circular template to be bound. In this work, we demonstrate that circular templates are used for RNA synthesis by the HCV and the f6 RdRps, functionally demonstrating that these RdRps undergo transitions between closed and open states.
RESULTS

Circular RNAs are templates for the HCV RdRp
We attempted to circularize several RNAs before finding that a 13-nt RNA sequence named +1C could be efficiently ligated to form a covalently closed circle (Fig. 1A) . In fact, +1C was readily and nearly completely ligated into the circular form after a 1-h incubation with T4 RNA ligase. RNA +1C contains four cytidylates. Based on previous characterization of short linear templates (Kao et al. 2000) , the cytidylate at the 3¢-terminus should be efficiently used as the T1 nucleotide. We also made a second 13-nt sequence named +1U that should decrease de novo initiation from a linear template drastically since the next available cytidylate from the 3¢-end would be at the +5 position (Fig. 1A) .
Several properties were observed in the ligated versions of +1C and +1U that led us to conclude that covalently closed-circle RNAs were made. First, both migrated at a lower position in a denaturing gel than the linear molecule (Fig. 1B) . Second, the ligated RNAs were resistant to the treatment by calf intestinal phosphatase, while their unligated counterparts were readily dephosphorylated (data not shown). Third, the ligated RNAs were unable to serve as templates for the addition of 3¢-terminal adenylates by poly(A) polymerase (Fig. 1C) . To facilitate identification of the templates used in this work, we refer to the linear and circular forms of these RNAs with an ''-L'' and a ''-C'', respectively. For example, +1C-L refers to the linear form of +1C.
The version of the HCV RdRp (nonstructural protein 5B, NS5B) lacking the C-terminal 21 hydrophobic residues, FIGURE 1. Linear and circular 13-nt templates for RNA-dependent RNA synthesis. (A) Sequences of the linear and circular templates are shown with the arrow indicating the direction of RNA synthesis. RNAs +1C-L and +1U-L differ only at the 3¢-most nucleotide (underlined). (B) Circularization of the RNAs. Both +1C and +1U were circularized with T4 RNA ligase to result in a conformation that migrated at a lower position in a 7.5 M urea-20% polyacrylamide gel. Each lane contains between 30 and 50 pmol of RNA. The RNA bands were visualized by staining with toluidine blue. Treatment with the T4 ligase is indicated by +. The faint band at the bottom of the gel image is bromophenol blue (BB). (C) A demonstration that the ligated RNAs exist in a covalently closed form. The purified RNAs were adjusted to 0.1 mM and then incubated in poly(A) polymerase buffer, 0.1 units of poly(A) polymerase (Ambion Inc.), and [a-32 P]ATP. The reaction products were then precipitated with ethanol, centrifuged, and electrophoresed in a 7.5 M urea-15% polyacrylamide gel. (D) An image from a denaturing polyacrylamide gel containing products made by D21 with increasing concentrations of linear or circular template. Flaviviral RdRps can synthesize one product molecule from two or more linear molecules of the template RNA. These template-switch products are therefore multiples of the length of the template (Kim and Kao 2001) . The names and amounts of the RNAs are listed above the appropriate lanes of the gel image. The lengths of the product RNAs from the linear template, in nucleotides, are shown to the left of the gel image. The bar to the right of the gel signifies a monomer template-sized product, two bars correspond to dimer, and the bar within parentheses with subscript ''n'' corresponds to multimeric forms. (E) Initiation of RNA synthesis from linear and circular templates. The 3¢-terminal cytidylate is the primary initiation nucleotide for RNA synthesis by the HCV D21 from linear, but not circular, templates. All four reactions were performed with 0.1 pmol of linear and 10 pmol of circular template RNA and 0.04 mM D21. named D21, can generate four classes of products with short linear RNAs: (1) de novo initiation products that are the same length of the template or one that terminated 1 nt short of the 5¢-end of the template, (2) templates elongated by the addition of one or a few terminal nucleotides, (3) primer-extended products that arose from the duplexes formed by two RNAs, and (4) template-switch products generated when the HCV RdRp ternary complex uses two or more noncovalently linked templates to synthesize one product (Ranjith-Kumar et al. 2001 , 2002a ,b, 2003b . When tested for RNA synthesis by the HCV RdRp, +1C-L directed the synthesis of several products, the most abundant being 13 nt in length, which likely initiated using the 3¢-terminal cytidylate (Fig. 1D, lanes 1-3) . These products were much reduced with +1U-L (Fig. 1E, lane 11) , as would be expected since it lacks the 3¢-terminal cytidylate preferred for de novo initiation. Since the process of de novo initiation is required for the formation of the template-switch products (Kim and Kao 2001) , +1U-L is also deficient for the formation of the higher-molecular-weight RNAs (Fig.  1E , cf. lanes 9 and 11). With +1C-C, however, we observed several products, most of which formed a ladder that reached the top of the 15% gel (Fig. 1D, lanes 4-8) , suggesting that the HCV RdRp could use a circular template to generate products akin to rolling circle replication. These higher-molecular-weight products increased with template concentration and were distinct from the template-switch products seen with +1C-L (Fig. 1D , cf. lanes 1-3 and 4-8). Notably, the +1U-C template also generated higher-molecular-weight products. One of the other three cytidylates within +1U-C likely served as the initiation cytidylate, but not at the same efficiency as the two consecutive cytidylates within +1C-C (Fig. 1E) . With +1C-C as template, there were two prominent products of 9 and 10 nt, which appeared to be due to the premature termination of RNA synthesis (Fig. 1D, lanes 4-8) . Formation of radiolabeled products required the presence of all four NTPs (data not shown), indicating that the smear of products is due to template-dependent RNA synthesis.
To analyze whether D21 can use larger circular RNA, we circularized RNA LE21, which was used to characterize the initiation properties of D21 ( Fig. 2A ; Ranjith-Kumar et al. 2002b , 2003a . Circularization of LE21 was less efficient than with +1C, but purification of the uncircularized and circularized RNAs from a denaturing gel resulted in the recovery of LE21-L (linear) and LE21-C (circular). As with +1C-C, LE21-C was unable to serve as a template for poly(A) polymerase (Fig. 2B) . Analysis of the products from LE21-C that will be presented later confirms that it is a covalently closed circle.
LE21-L can generate 21-nt de novo initiated RNA product along with 42 and 63, and its multimers by end-to-end template switch (Fig. 2C, lanes 1,2) . Also, two molecules of LE21 can anneal together and direct the synthesis of 34-nt primer extension products ( Fig. 2A,C) . In contrast, LE21-C generated a product close to 60 nt and one of $120 nt that are not observed in reactions with LE21-L (Fig. 2C , lanes 3,4). Interestingly, very few 21-nt products were seen with LE21-C, a situation different from that of synthesis with +1C-C (cf. Fig. 2C and Fig. 1D ).
RNA synthesis by a catalytic mutant and full-length NS5B
Asp225 is one of the residues in the HCV RdRp that binds the NTPi by recognizing the ribose 2¢-hydroxyl of the NTP (Bressanelli et al. 1999 (Bressanelli et al. , 2002 Lesberg et al. 1999 ). An HCV subgenomic replicon with a change of NS5B Asp225 to an alanine, D225A, was lethal to HCV replication in the subgenomic replicon assay, demonstrating its importance for HCV replication (Fig. 3A) . In vitro, D225A was severely defective for RNA synthesis when the buffer contained Mg 2+ as the sole divalent metal. However, the presence of 1 mM Mn 2+ partially rescued initiation by D225A, but it remained defective for generating longer template-switch RNA synthesis products (Ranjith-Kumar et al. 2004) . With template +1C-L, D225A was capable of synthesizing a 13-nt product in a buffer containing 1 mM Mn 2+ (Fig. 3B , lane 1). However, the dimeric product was significantly reduced relative to the reaction with D21, as expected. Furthermore, RNA synthesis from +1U-L did not result in a 13-nt product, demonstrating that initiation took place primarily from the +1C position (Fig. 3B, lanes 1,3) . D225A was unable to significantly direct RNA synthesis from +1C-C or +1U-C (Fig. 3B , lanes 2,4). D225A generated several-fold lower amounts of products with LE21-L and was unable to use LE21-C RNA as a template (Fig. 3C, lanes 1,2) . These results indicate that the active site of the HCV RdRp is required for RNA synthesis from circular templates.
We also tested the full-length NS5B protein, henceforth referred to as NS5B, since the presence of the intact C-terminal tail had been reported to increase RNA binding (Vo et al. 2004 ). NS5B produced the de novo initiated products and recombination products from both +1C-L and +1U-L, with +1C-L being the preferred template (Fig.  3B , cf. lanes 5 and 7). NS5B could also efficiently use the linear form of LE21 as a template (Fig. 3C, lane 3) . However, with the circularized versions of the templates, a large smear of products that migrated up to the top of the gel was generated (Fig. 3B, lanes 6,8, and C, lane 4) . Our results demonstrate that the HCV RdRp could use circular templates of different lengths and sequences. However, there are two notable differences between the products of NS5B and D21 from circular templates +1C-C and +1U-C: (1) NS5B generated larger amounts of higher-molecular-weight products with +1U-C than did D21; and (2) the 9-and 10-nt products and the discrete ladder of bands characteristic of products from D21 were significantly less abundant in the reactions with NS5B (Fig. 3B) . Also, NS5B generated a ladder of higher-molecular-weight products with LE21-C unlike D21 (cf. Figs. 3B and 2C ). These features could be attributed to the higher affinity for RNA by NS5B in comparison to D21 (Vo et al. 2004 ).
Initiation of RNA synthesis by the HCV RdRp on circular templates GTP is the preferred NTPi for efficient de novo RNA synthesis and is required at a higher concentration than other nucleotides in order for RNA synthesis to take place in vitro (Ranjith-Kumar et al. 2002b , 2004 . Higher GTP concentration was found to increase RNA synthesis from both LE21-L and LE21-C (Fig. 2C) . We also examined the effects of increasing GTP concentration on RNA synthesis from +1C-L and +1C-C and found that GTP stimulated RNA synthesis from both RNAs (Fig. 4A) . Notably, the GTP concentration needed for a half-maximal level of 13-nt RNA synthesis from +1C-L was lower (4 mM) than for +1C-C (20 mM).
GTP analogs have been informative in characterizing de novo initiation by the HCV RdRp (Zhong et al. 2000; Ranjith-Kumar et al. 2002a ). We used analogs including dinucleotide mimics of the NTPi to characterize RNA synthesis from the cRNAs. Since GTP analogs can be used for initiation but not elongation, all reactions were supplemented with 1 mM GTP, a level that cannot efficiently drive initiation (Ranjith-Kumar 2002b; Fig. 4A ). Based on complementarity with the sequence in +1C-C and +1C-L, all analogs except dinucleotide GpA should be capable of initiating RNA synthesis at one to three positions along the template (Fig. 4B) .
Indeed, we determined that synthesis from +1C-L and +1C-C can use all of the analogs except GpA (Fig. 4C) . Interestingly, there are several products initiated with GpU, CpG, and GpG from template +1C-C that are of distinct sizes when compared to the ones produced with GTP or with each other, suggesting that the products initiated from different positions in the template (Fig. 4C, cf. lanes 11-15) . In contrast, RNA synthesis using template +1C-L primarily initiated at the 3¢-most cytidylate. The shifted migration with GpU is likely due to the lack of 5¢-phosphates. The product initiated with GpG was previously determined to have the 3¢-guanylate base-paired with the T1 nucleotide (the 5¢-G of GpG was not base-paired), thus resulting in a 14-nt product (Ranjith-Kumar et al. 2002a) .
We also analyzed the products initiated from LE21-L and LE21-C using GTP analogs (Fig. 4D ). GDP and GpU could initiate RNA synthesis and generate a 21-nt product at a two-to threefold-higher level than with GTP using LE21-L (Fig. 4D, lanes 1-3) . Since there is only one cytidine in the template LE21 (at the +1 position) ( Fig. 2A) , products initiated with GTP analogs should terminate after one round of RNA synthesis and generate a 21-nt product. We observed that the 21-nt products were increased with LE21-C when GDP and GpU were the initiation nucleotides (Fig.  4D, lanes 5,6) , further confirming that LE21-C is functioning as a circular template and can direct three or more rounds of RNA synthesis by D21. Unexpectedly, reactions containing GDP and GpU directed synthesis of the $60-nt products at 40% and 140%, respectively, of the amounts observed in reactions with GTP. Some amount of 42-nt products was also observed. These products could be attributed to NTP misincorporation or contamination of nucleotide stocks with trace amounts of GTP. The generation of these products needs to be examined in a future work.
Elongation of RNA synthesis by the HCV RdRp on circular templates
With both LE21-C and +1C-C, we observed a ladder of bands suggesting that the RdRp ternary complex had terminated at specific sites. These products are especially prominent with +1C-C. One hypothesis for this ladder is that some substrate, such as radiolabeled 32 P-CTP (present at 250 nM), was limiting in our reaction. To examine the role of substrate requirements in RNA synthesis from +1C-C, we first analyzed the products made using 32 P-CTP or 32 P-ATP as the radiolabel (Fig. 5A) . All of the other nucleotides were present at 100 mM, except for GTP, which was present at 200 mM. Based on previous characterizations of NTP usage, pyrimidine triphosphates are needed at lower concentrations than purine triphosphates Kao et al. 1999; Oh et al. 1999; Ranjith-Kumar et al. 2002b ); hence, we expected that labeling with 32 P-CTP would be more efficient than 32 P-ATP. Indeed, reactions with both labeled NTPs generated a ladder of products using +1C-L or +1C-C as templates, indicating that low concentration of one specific nucleotide was not the primary reason for the ladder of bands (Fig. 5A) . Furthermore, we increased the abundance of unlabeled CTP in the reaction from two-to fourfold that of [a-32 P]CTP and found that while the specificity of radiolabeling decreased, as expected for synthesis from both the linear and circular templates, the relative abundance of the bands in the ladder was unchanged (Fig. 5B) .
Another explanation for the ladder of bands is that the stability of the HCV RdRp ternary complex may be affected by the conformation of the template. To examine whether there is a difference in the stability of the RNA synthesis complex, we challenged the reactions with increasing concentrations of NaCl (Fig. 5C ). RNA syntheses from both the +1C-L and +1C-C templates were equally sensitive to higher salt concentrations. Furthermore, salt equally affected both initiation and elongation of RNA synthesis, suggesting that RNA syntheses from linear and circular templates share similar properties.
The higher-molecular-weight bands produced by the HCV RdRp on +1C-C likely represent a mixture of products generated by the RdRp ternary complex that terminated at different positions. To determine whether this is the case, we allowed RNA synthesis to begin on the linear or circular template for 10 min, then challenged the reaction with heparin sulfate at 250 ng/mL (Fig. 6 ). Heparin is a nucleic acid mimic that binds RdRps that are not stably associated with template, and prevents productive RNA FIGURE 4. Initiation of RNA synthesis by D21 using linear and circular RNAs. (A) Requirement for GTP for RNA synthesis by D21. The RdRp reactions using +1C-L and +1C-C were separated on a gel and the 13-nt RNA product for +1C-L and $65-nt product for +1C-C were quantified and plotted against different concentrations of GTP. The amount of product formed with 200 mM GTP was considered as 100%. (B) Schematic showing the RNA synthesis initiation sites on +1C RNA. Arrows correspond to the possible initiation sites for the nucleotides analogs given on the left. The RNA sequence is given in the 3¢-to-5¢ direction, and the line underneath shows the bond formed during circularization of the RNA. (C) Analysis with GTP analogs. A representative gel picture showing the RNA synthesis products obtained by using different GTP analogs with templates +1C-L (left) and +1C-C (right). The analogs used are given on the top, and the position of 13-nt product is shown at the left of the gel. All reactions were supplemented with 1 mM GTP, which is needed for elongative RNA synthesis. (D) Analysis of LE21-L and LE21-C using GTP analogs. Since LE21 has only one C (at the 3¢-end of linear RNA), the analogs used can initiate RNA synthesis only from one position. The analogs used are given above and the sizes of RNA products to the left of the gel. The bottom of the gel shows the quantitative analysis of the 21-, 42-, and 63-nt products obtained with respective analogs. For LE21-L, the amount of 21-nt product generated with GTP was considered as 100%, and for LE21-C, 100% is the amount of $60-nt product generated with GTP. All the values are after normalizing for the number of radiolabeled CMPs incorporated.
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Open and closed RdRp complexes Cold Spring Harbor Laboratory Press on October 10, 2017 -Published by rnajournal.cshlp.org Downloaded from synthesis. Along with the heparin, we also adjusted the CTP from the initial concentration of 250 nM to 50 mM to prevent it from becoming limiting during elongative RNA synthesis (Fig. 6) . As a control for the multiple rounds of RNA synthesis from linear and circular templates, a reaction was incubated for 1 h without heparin (Fig. 6, lanes  6,7) . The amount of product formed from +1C-L did not increase further after the addition of heparin (Fig. 6, lanes  3-5) , as would be expected for ternary complexes that would terminate upon reaching the 5¢-end of the template. For +1C-C, however, heparin did not prevent RdRp from making higher-molecular-weight products (Fig. 6 , lanes 8-12; see bar on right side of gel image). Some of the products present in the 10-min reaction could at least partially resume elongative synthesis (labeled with asterisks), while others, especially those of 9, 10, and 13 nt, were either released by the RdRp or were otherwise incapable of continuing RNA synthesis (labeled ''A''). Based on these results, we conclude that RNA synthesis by the HCV RdRp on the circular template will contain functionally distinguishable ternary complexes, some of which can continue synthesis after one length of the template is used.
A common theme for related RdRps
We wanted to determine whether related RdRps are capable of directing RNA synthesis from circular templates. The highly purified RdRp from BVDV was able to synthesize products from the circular RNA in a manner similar to that of the HCV RdRp (Fig. 7A, lanes 4-6) . Furthermore, synthesis required GTP concentrations >2 mM, consistent with de novo initiation being responsible for the initiation of product synthesis. The RdRp from the GB virus-B (GBV-B) did not prefer the use of either +1C-L or +1C-C as a template ( Fig. 7A ; data not shown). However, it was capable of generating higher-molecular-weight products, as shown by the smear reaching toward the top of the gel (Fig. 7A, lanes  7-9) .
Next, we examined RNA synthesis from +1C-L and +1C-C by the RdRp from bacteriophage f6. No product synthesis was observed with either template (data not shown), suggesting that these templates either are not recognized and/or cannot direct initiation by the f6 RdRp. The f6 RdRp was reported to prefer templates with more cytosines at the 3¢- RNA synthesis was performed with increasing concentrations of NaCl (up to 100 mM), and the 13-nt product obtained was quantified and plotted against NaCl concentration. FIGURE 6. Effect of heparin on RNA synthesis by D21 from linear and circular templates. RNA synthesis over time was examined with templates +1C-L and +1C-C. Heparin (250 ng/mL) was added to the reaction after 10 min. (f) This lane was allowed to synthesize products for 60 min in the absence of heparin. (Right) (A) The RdRp products that were not able to resume RNA synthesis in the presence of heparin; ( terminus (Makeyev and Bamford 2000; Laurila et al. 2002) . Therefore, we used an RNA sequence from the authentic 3¢-sequence of f6 (CU4: 5¢-GGCCCCUUCGGGGGCUCUCU CU-3¢). After two rounds of overnight ligations, only $20% of the linear molecules were converted to apparent circles, as noted by a change in electrophoretic mobility (data not shown). Therefore, we purified the presumed circular forms from the linear ones after preparative denaturing gel electrophoresis. When CU4 was tested for the ability to be extended by the poly(A) polymerase, the linear form, but not the presumed circles, was a substrate for terminal nucleotide addition (Fig. 7B) . In terms of RNA synthesis, the CU4-L could efficiently direct RNA synthesis by the f6 polymerase, while the CU4-C yielded a set of products that included novel ones not found with the linear template (Fig. 7C) . Even though the f6 RdRp structure indicates a closed conformation, these results suggest that the polymerase could open and accept a circular template. It is interesting to note, however, that the products made by f6 terminated after two to three rounds of synthesis from the circular RNA.
DISCUSSION
Biochemical characterizations of HCV NS5B revealed several requirements for RNA synthesis in vitro (Lohmann et al. 1998; Kao et al. 1999; Ranjith-Kumar et al. 2002a,b) . Here we show that HCV NS5B is capable of initiating RNA synthesis from a circular RNA template. The requirements for RNA synthesis from the circular templates are generally similar to those from linear templates, with GTP and a cytidylate as the NTPi and the T + 1 nucleotides. Some notable differences were observed, however, such as a requirement for higher concentration of GTP for initiation from circular templates (Fig. 4A) . Since a circular template could not be threaded into the preformed active site, this observation suggests the HCV RdRp can release the interactions between the thumb and the fingers subdomains to accept the circular template. In addition, we demonstrate that the HCV RdRp lacking the C-terminal 21 residues can form at least two elongation complexes that differ in the ability to resume elongation (Fig. 6 ).
Several observations demonstrate that the HCV RdRp could initiate from a circular template. First, +1U-L was a poor template for D21, likely due to the lack of a cytidylate near the 3¢-terminus of the template, but +1U-C could restore RNA synthesis from an internal cytidylate (Fig. 1E) . Second, higher concentrations of GTP were required for RNA synthesis, which suggests de novo initiation (Fig. 4A) . Third, the products generated from the circular +1C-C and +1U-C are multiples of the lengths of the template molecule (Figs. 1, 3-6 ). RNA synthesis from +1U-C is less robust than from +1C-C. We believe that this could be attributed to +1C-C RNA having two consecutive cytidylates (Fig. 1A) . Kao et al. (2000) have previously demonstrated that, in vitro, a template with two accessible cytidylates is a more efficient template. HCV RdRp can also use a 21-nt circular RNA (Fig.  2) . However, with LE21-C, the products generated are not abundant as with shorter circular RNA +1C. Interestingly, with LE21-C, HCV RdRp generates close to a 60-nt product, suggesting that the polymerase can go around the RNA at least three times before it falls off. This difference could possibly be due to some steric constraints that affected the progression of the RdRp on the shorter circular template leading to frequent release of products from the ternary complex. This is further substantiated with the use of dinucleotide GTP analogs, which could initiate RNA synthesis at different positions, hence generating different-sized products (Fig. 4C) .
Use of the circular template was observed for four recombinant RdRps (Fig. 7) . The mechanism of initiation of RNA synthesis on a circular RNA might be similar to internal initiation on linear templates as during subgenomic RNA synthesis of viruses like brome mosaic virus and tombusviruses Panavas et al. 2002) . However, inappropriate initiation from internal sites could be detrimental to the success of RNA infection and could trigger anti-viral responses. We note that the use of the circular template does not abrogate specificity requirements, as seen by the use of the dinucleotides and by the requirement for a cytidylate as the initiation nucleotide. Also, f6 RdRp preferred a template with sequence corresponding to its own genomic RNA and was not capable of using +1C-C or LE21-C ( Fig. 7C ; data not shown). This requirement should dis- courage initiation from some internal site. Additional regulation of the use of inappropriate internal initiation sites could be by interaction with other replicase subunits and/ or by the structure of the RNA template.
Our functional results can have implications for the structure of RdRps. All known polymerases have similar structures with fingers, thumb, and palm subdomains. However, the enclosed active sites of the HCV and f6 RdRps were suggested to contribute to the specific recognition of singlestranded RNAs (Butcher et al. 2001; Hong et al. 2001; Bressanelli et al. 2002) (Behrens et al. 1996; Lohmann et al. 1997; Ishii et al. 1999) . The discrimination of the dsRNA could take place after template binding and likely includes features in the RdRp such as the bloop in the active site and the C-terminal tail and the recognition of the initiating GTP and the NTPi (Hong et al. 2001; Ranjith-Kumar et al. 2002b , 2003a .
Should viral RdRps first recognize the template initiation site in an open conformation and then undergo conformational changes to form stable binary complexes, their initiation would be analogous to that of other templatedependent polymerases. For example, large conformational changes characterize almost every major step in the polymerization process by the T7 RNA polymerase (Steitz 2004) . Also, in many DNA and RNA polymerases, a network of conserved residues is involved in the transition between open and closed conformers (Zheng et al. 2005) . Kinetic analyses with polymerases have suggested at least five steps for every single nucleotide addition, which includes two possible conformational changes: the first after nucleotide binding and the second after phosphodiester bond formation (Dahlberg and Benkovic 1991; Wong et al. 1991; Arnold and Cameron 2004) . Even though crystal structure studies did not support such changes, these observations suggest that local structural changes within the RdRp are still possible in solution and may offer additional steps to regulate viral RNA synthesis. Recently, it was shown that fidelity of poliovirus RdRp can be controlled by a site farther away from the active site, and this type of control is probably a common feature of all polymerases (Arnold et al. 2005) . This adds to the evidence that the polymerase can undergo changes in its structure upon ligand binding. These changes should be considered in developing antivirals against the HCV RdRp.
MATERIALS AND METHODS
Reagents
The nucleotides, the heparin, and all chemicals were of the highest purity from Sigma Inc. The nucleotides were dissolved and neutralized with NaOH to a pH between 7 and 7.5, and their concentration was adjusted based on their absorbance at 260 nm. All RNAs used were chemically synthesized by Dharmacon Inc., and purified by denaturing gel electrophoresis, checked for quality by Toluidine blue staining, and quantified by spectrophotometry. The f6 RdRp was a kind gift from Dennis Bamford. Recombinant flaviviral RdRps were purified as described by Ranjith-Kumar et al. (2003a) . NS5B proteins were expressed from pET derivatives in Escherichia coli BL21(DE3). All RdRps were purified through a Talon cobalt affinity column (BD Biosciences) followed by a poly(U)-agarose column (Pharmacia Inc.) in buffers lacking divalent metals. The proteins were adjusted to between 1 and 2 mg/mL after quantification by the Lowry assay with bovine serum albumin as a concentration control.
Making circular RNA
The RNAs were kinased at 37 C for 30 min with T4 polynucleotide kinase in the buffer supplied by the manufacturer and [g-32 P]ATP. The reaction was extracted with a 1:1 mixture of phenol-chloroform and precipitated with six volumes of ethanol. The precipitated RNA was then solubilized in 13 T4 RNA ligase buffer (Ambion Inc.) and ligated for between 15 min and overnight. Formation of a circular product was detected by altered mobility in a 7.5 M urea-20% polyacrylamide gel and PhosphorImage analysis.
HCV subgenomic replicon assay
The plasmid pET21bNS5B was used for site-directed mutagenesis using the QuikChange Kit according to the manufacturer's protocol. The entire NS5B coding sequence was analyzed to confirm that the specified mutation was made and that no additional changes had inadvertently taken place. A BglII fragment from the mutated cDNA was then exchanged into the wild-type subgenomic HCV replicon (pFK/I 389 neo/NS3-3¢/5.1). The presence of the mutation in the HCV subgenomic replicon was confirmed by DNA sequencing.
Subgenomic HCV replicon RNAs were transcribed in vitro using the T7 Ampliscribe kit (Epicenter) from the wild-type (WT) and mutant DNA constructs after linearizing with ScaI. The subgenomic HCV replicon RNAs were transfected into Huh7 cells by electroporation with a GenePulser system (BioRad) as described by Krieger et al. (2001) . Briefly, 1 mg of the in vitro transcribed RNAs along with total RNA from naive Huh-7 cells to a final amount of 10 mg were electroporated into $1 3 10 6 Huh7 cells in 0.4 mL of ice-cold Cytomix (van den Hoff et al. 1992) . The electroporation conditions were 960 mF and 270 V. Cells were immediately transferred to 8 mL of complete DMEM medium containing 1.25% DMSO and seeded in a 10-cm dish. At 24 h after transfection, the cell culture medium was replaced with complete DMEM supplemented with 0.5 mg/mL G418. The medium was changed every week. After 3 wk of selection with G418 sulfate, cell colonies in culture dishes were stained with 0.01% Coomassie blue.
RdRp activity assays
The standard RdRp assays consisted of 0.1 pmol of linear and 10 pmol of circular template RNA (unless stated otherwise) and 0.04 mM NS5B in a 20-mL reaction containing 20 mM sodium glutamate (pH 8.2), 4 mM MgCl 2 , 12.5 mM dithiothreitol, 0.5% (v/v) Triton X-100, 200 mM ATP and UTP, and 250 nM [a- 32 P]CTP (Amersham, Inc.). Unless otherwise stated, 200 mM GTP was used in the reaction. MnCl 2 , if used, was added to a final concentration of 1 mM. Due to the buffer used to store the RdRp, the final reaction also contains 10 mM NaCl. RNA synthesis reactions were incubated at 25 C for 60 min and stopped by phenol/chloroform extraction followed by ethanol precipitation in the presence of 5 mg of glycogen and 0.5 M ammonium acetate. Products were usually separated by electrophoresis on denaturing (7.5 M urea) polyacrylamide gels. Gels were wrapped in plastic, and quantification of radiolabeled bands was performed using a PhosphorImager (Molecular Dynamics). Each result shown has been reproduced in at least one, usually two, other independent experiment.
